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Abstract 

Impedance  measurements  were  carried  out  under  practical  power  generation  conditions  in  a  disk-type  SOFC,  which  may  be  utilized  as 
a  small-scale  power  generator.  The  tested  cell  was  composed  of  doped  lanthanum  gallate  (Lao.sSro^Gao.sMgo.isCoo.osCb-a)  as  the  elec¬ 
trolyte,  Smo.5Sro.5Co03  as  the  cathode  electrode  and  Ni/Ceo.sSmo.202  cermet  as  the  anode  electrode.  The  cell  impedance  was  measured 
between  10  mHz  and  10  kHz  by  varying  the  fuel  utilization  and  gas  flow  rate  and  plotted  in  complex  impedance  diagrams.  The  observed 
impedance  shows  a  large  semi-circular  pattern  on  the  low  frequency  side.  The  semi-circular  impedance,  having  a  noticeably  low  charac¬ 
teristic  frequency  between  0.13  and  0.4  Hz,  comes  from  the  change  in  gas  composition,  originally  caused  by  the  cell  reaction.  The  change 
in  impedance  with  the  fuel  utilization  (load  current)  and  the  gas  flow  rate  agreed  qualitatively  well  with  the  theoretical  predictions  from  a 
simulation.  This  impedance  was  dominant  under  high  fuel-utilization  power-generation  conditions.  The  impedance,  which  described  the 
activation  polarizations  in  the  electrode  reactions,  was  comparatively  small  and  scarcely  changed  with  the  change  in  fuel  utilization  (load 
current)  and  gas  flow  rate. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  impedance  analysis  method  has  been  utilized  quite 
frequently  in  the  research  and  development  of  solid  oxide 
fuel  cells  (SOFCs).  However,  in  the  published  literature, 
there  are  limited  numbers  of  impedance  measurements  un¬ 
der  practical  power  generation  conditions,  such  as  high  fuel 
utilization,  e.g.  70-80%  or  above.  The  main  reason  for  this 
may  be  because  the  measurement  and  the  interpretation  of 
the  impedance  data  are  rather  difficult  in  a  full-scale  cell.  It 
is  expected  that  the  equivalent  circuit  of  impedance  under 
power  generation  conditions  would  be  useful  for  the  perfor¬ 
mance  simulation,  design  and  evaluation  of  the  cell.  Previ¬ 
ously,  the  relationship  between  the  total  cell  impedance  and 
the  impedance  of  the  local  cell  in  a  disk-type  SOFC  was  the- 
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oretically  examined  using  the  numerical  simulation  reported 
elsewhere  [1]. 

In  this  study,  in  order  to  examine  the  possibility  of  an  AC 
impedance  analysis  to  evaluate  cell  performance,  the  total 
cell  impedance  was  measured  by  changing  the  fuel  utiliza¬ 
tion  and  the  gas  flow  rate  under  actual  power  generation 
conditions  in  a  disk-type  SOFC.  Furthermore,  a  complete 
discussion  was  provided  in  comparison  with  previous  theo¬ 
retical  simulation  results. 


2.  Experimental  procedure 

The  impedance  was  measured  in  a  disk-type  SOFC 
made  of  the  doped  lanthanum  gallate  electrolyte  developed 
by  Ishihara  et  al.  [2,3].  Currently,  the  complete  system 
is  under  joint  development  by  the  Mitsubishi  Materials 
Corp.  [4,5]  and  The  Kansai  Electric  Power  Company  Inc. 
[6].  A  schematic  diagram  of  the  test  cell  is  shown  in 
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Fig.  1.  Schematic  diagram  of  a  disk-type  SOFC. 


Fig.  1.  It  consists  of  a  composite  disk  made  of  a  solid 
electrolyte  and  electrodes,  structured  current  collectors 
and  metal  separators  for  the  anode  and  cathode.  Fuel 
gas  and  air  radially  flow  through  the  structured  current 
collectors.  The  self  supporting  electrolyte  disk,  made  of 
La0.8Sr0.2Gao.8Mgo.i5Coo.o503-5,  as  reported  previously 
[4],  has  a  100  mm  outer  diameter  and  about  a  200  pan 
thickness.  The  electrochemically  active  cell  is  formed  by 
co-firing  the  electrolyte  together  with  the  screen-printed 
Smo.5Sro.5Co03  cathode  and  NiZCeo.8Smo.2O2  cermet  an¬ 
ode.  The  effective  electrode  diameter  is  85  mm  (56.75  cm2). 
The  cell  made  in  this  way  was  thermally  and  electrochemi¬ 
cally  stable,  and  it  was  proved  that  the  cell  operated  stably 
for  a  long  duration  [5,6]  (more  than  1600  h). 

For  the  measurement  of  the  impedance,  a  sinusoidal  cur¬ 
rent  superimposed  as  a  small  alternating  current  on  a  load 
current  was  applied  using  Solartron  1255  and  1287  instru¬ 
ments  as  a  function  generator  and  a  galvanostat,  respec¬ 
tively.  The  frequency  range  for  the  alternating  current  was 
from  10  kHz  to  10  mHz.  The  AC  current  through  the  cell 
was  detected  using  a  current  probe  (Hioki3274).  The  poten¬ 
tial  difference  between  the  current  correctors  and  the  cur¬ 
rent  signal  were  recorded  by  a  digital  recorder  (Yokogawa 
DL708E),  and  analyzed  using  the  Fourier  transform  to  ob¬ 
tain  impedances  after  the  measurement. 

Pure  hydrogen  was  used  as  the  fuel  and  dry  air  as  the 
oxidant.  The  air  flow  rate  was  five  times  the  hydrogen  flow 
rate.  The  standard  experimental  conditions  were  a  hydrogen 
flow  rate  of  170ml/min,  an  air  flow  rate  of  850ml/min,  and 
a  load  current  of  17.0  A.  The  impedance  data  were  measured 
by  varying  the  load  current  at  a  fixed  flow  rate  and  also  by 
varying  the  flow  rate  at  a  fixed  load  current.  During  these 
measurements,  the  cell  temperature  was  monitored  in  both 
structured  current  collectors  using  sheathed  thermocouples. 
Throughout  the  tests,  the  temperature  profiles  on  the  anode 
and  cathode  sides  remained  almost  identical  at  1018  ±  2  K. 


3.  Results  and  discussion 

At  the  standard  flow  rate  and  load  current  (170ml/min, 
17.0  A),  the  impedance  was  measured  three  times  at  the  be¬ 
ginning  of  the  experiment,  the  middle  and  the  end,  and  the 
obtained  Cole-Cole  plots  of  the  cell  impedance  between  the 
anode  and  cathode  are  shown  in  Fig.  2.  The  plots  indicated 
that  the  impedance  increased  during  the  experiment,  espe¬ 
cially  more  increased  during  the  initial  runs.  This  increase 
seemed  to  be  caused  by  the  initial  stabilizing  process  of  the 


Fig.  2.  Cole-Cole  plots  of  the  total  cell  impedance  obtained  at  the  standard 
flow  rate  (H2:  170ml/min)  and  load  current  (17.0  A)  at  the  beginning  of 
the  experiment  (O),  the  middle  (□)  and  the  end  (A),  and  the  averaged 
values  (•).  Symbols  indicate  experimental  and  ( — )  fitting  results  using 
the  equivalent  circuit  (Fig.  7). 

cell  system,  because  the  cell  performance  then  stabilized. 
This  increase  is  considered  in  the  following  discussion  on 
the  experimental  results. 

Fig.  3  shows  the  Cole-Cole  plots  of  the  cell  impedance 
measured  by  changing  the  load  current  at  the  standard  flow 
rate.  The  change  in  the  DC  cell  terminal  voltage  versus  the 
load  current  during  this  measurement  is  shown  in  Fig.  4. 
Fig.  5  shows  the  Cole-Cole  plots  of  the  cell  impedance  mea¬ 
sured  by  changing  the  flow  rates  at  the  standard  load  cur¬ 
rent.  The  Cole-Cole  plots  for  the  standard  flow  rate  and  load 
current  are  shown  as  the  average  of  Fig.  2  in  order  to  avoid 
any  complication.  Through  the  impedance  in  the  figures  are 
the  impedance  between  the  current  correctors  of  the  anode 
and  cathode,  we  also  measured  the  impedance  between  the 
anode  current  corrector  and  the  reference  electrode,  and  be¬ 
tween  the  cathode  current  corrector  and  the  reference  elec- 


Fig.  3.  Impedance  Cole-Cole  plots  at  a  fixed  flow  rate  (H2:  170ml/min) 
at  1018  K  with  the  fuel  utilization  parameter  (load  current):  (a)  4.1% 
(1.0  A);  (b)  23.3%  (5.67  A);  (c)  46.5%  (11.35  A);  (d)  69.8%  (17.0  A);  (e) 
80.0%  (19.5  A).  Symbols  indicate  experimental  and  ( — )  fitting  results 
using  an  equivalent  circuit  (Fig.  7). 


T.  Kato  et  al.  /  Journal  of  Power  Sources  133  (2004)  169-174 


171 


Fuel  utilization  /% 


Fig.  4.  Cell  voltage  vs.  load  current  at  the  impedance  measurement  in 
Fig.  3  accompanying  the  real  part  resistance  at  10  mHz,  R{  (□),  and  the 
differential  resistance,  R^f  ( — ),  which  was  calculated  from  the  derivative 
of  the  curve  fitted  to  the  V-I  characteristics  with  current. 


trode  using  a  reference  electrode  made  of  a  platinum  mesh 
placed  on  the  cathode  side  of  the  electrolyte  outside  the  elec¬ 
trode.  Fig.  6  shows  the  measured  impedance  between  the 
respective  electrodes  under  standard  conditions.  The  figure 
indicates  that  the  impedance  between  the  cathode  and  the 
reference  electrode  was  extremely  small  in  comparison  with 
that  between  the  anode  and  the  reference  electrode.  Through 
there  is  an  uncertainty  in  the  position  at  which  the  electri¬ 
cal  potential  the  reference  electrode  is  referring  to  between 
the  anode  and  the  cathode,  an  especially  large  uncertainty  in 
the  large  size  cell,  the  total  cell  impedances  between  anode 
and  cathode  discussed  in  this  paper  seem  to  mainly  reflect 
impedance  of  the  anode. 

The  Cole-Cole  plots  seem  to  consist  of  the  sum  of  a  num¬ 
ber  of  small  semicircles  between  several  Hertz  and  10  kHz 
and  a  large  semicircle  with  a  characteristic  frequency  of 
about  0.13-0.4  Hz  as  the  maximum  of  the  imaginary  part  of 
the  impedance.  Also,  an  inductive  behavior  was  observed  at 


Real  part  Z'/Q cm 

Fig.  5.  Impedance  Cole-Cole  plots  at  a  fixed  load  current  (17.0  A)  at 
1018  K  with  the  parameter  of  H2  flow  rate:  (a)  170ml/min;  (b)  235  ml/min; 
(c)  395  ml/min.  Symbols  indicate  experimental  and  ( — )  fitting  results 
using  an  equivalent  circuit  (Fig.  7). 


Fig.  6.  Cole-Cole  plots  of  the  impedances  between  respective  electrodes 
at  the  standard  fixed  flow  rate  and  load  current.  (O)  Between  anode 
and  cathode;  (□)  between  anode  and  reference  electrode;  (A)  between 
cathode  and  reference  electrode. 


the  high  and  low  frequency  edges.  The  trend  at  the  high  fre¬ 
quency  edge  was  due  to  the  inductance  of  the  measurement 
system.  The  inductive  behavior,  as  the  impedance  decreased 
with  a  decrease  in  frequency  near  the  low  frequency  edge, 
does  not  appear  in  the  usual  electrode  reaction.  Though  the 
cause  of  the  inductive  impedance  was  not  clarified  in  our 
case,  the  observed  inductive  behavior  is  noteworthy.  Such  an 
impedance  behavior  on  the  air  side  electrode  in  the  SOFC 
was  also  reported  in  other  papers  [7,8]. 

Fig.  3  also  shows  the  real  part  resistance,  7?t,  at  the  low  fre¬ 
quency  edge  (10  mHz)  and  the  differential  resistance,  R&f, 
which  was  calculated  from  the  derivative  of  the  curve  fit¬ 
ted  to  the  V-I  characteristics  with  current.  Both  resistances 
agreed  very  well  up  to  the  point  of  the  highest  fuel  utiliza¬ 
tion,  where  a  derivative  of  the  curve  had  the  highest  uncer¬ 
tainty.  In  other  words,  the  measured  impedance  indicates  the 
derivative  of  the  dc  V-I  characteristics  curve  at  a  sufficiently 
low  frequency. 

A  numerical  simulation  of  a  disk-type  SOFC  for 
impedance  analysis  has  been  reported  [1],  in  which  the  sim¬ 
ulation  relates  the  impedance  of  the  local  cell  to  the  whole 
cell  impedance  by  solving  an  unsteady  molar  transport 
quasi-one-dimensional  flow  problem,  considering  that  the 
concentration  distributions  of  the  chemical  species  change 
due  to  the  cell  reaction  with  the  gas  flow,  resulting  in  a 
change  in  the  distributions  of  the  electromotive  force  and 
current.  According  to  this  simulation  study,  Cole-Cole  plots 
for  the  total  cell  impedance  on  a  disk-type  SOFC  show  a 
capacitive  semicircle,  even  if  the  impedance  of  the  local 
cell  is  assumed  to  be  an  ohmic  resistance  for  simplicity 
through  it  may  be  a  complex  number  including  the  RC  par¬ 
allel  circuit  which  is  related  to  the  electrode  reaction  and 
diffusion,  etc.  This  impedance  semicircle  originates  from 
the  electromotive  force  change  due  to  the  current  with  the 
cell  reaction,  where  hydrogen  gas  is  converted  to  water 
vapor  in  the  fuel  flow,  and  oxygen  gas  in  the  oxidizing 
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Fig.  7.  The  equivalent  circuit  for  fitting  the  measured  impedance. 

agent  flow  is  consumed.  The  mechanism  of  the  impedance 
is  the  same  as  that  of  the  gas  conversion  impedance  intro¬ 
duced  for  a  perfect  mixing  ideal  anode  by  Primdahl  and 
Mogensen  [9].  The  appearance  of  the  impedance  discussed 
here  is  inevitable  if  you  wish  to  operate  an  SOFC  with 
high  energy  conversion  efficiency  which  requires  a  high 
fuel  utilization.  Hence,  the  impedance  could  be  reduced  by 
supplying  a  large  amount  of  fuel  only  if  you  had  no  further 
concern  about  energy  conversion  efficiency.  The  character¬ 
istic  time  for  this  impedance  is  the  period  during  which 
the  fuel  gas  passes  through  the  cell  because  the  reaction 
of  the  flowing  gas  occurs  during  this  period.  Therefore, 
the  characteristic  frequency  is  inversely  proportional  to 
the  flow  rate,  resulting  in  a  relatively  low  characteristic 
frequency. 

It  was  considered  that  there  were  two  other  possible 
impedances  with  a  semicircle  diagram  related  to  the  gas 
transfer  process  in  the  tested  cell.  One  is  the  impedance 
related  to  the  finite-length  diffusion  of  chemical  species 
in  the  gas  flow  channels  of  fuel  and  air  and  the  other  is 
that  in  the  porous  electrodes.  They  could  be  expressed  as 
the  Warburg  impedance  in  the  finite-length  diffusion.  The 
characteristic  frequency  of  the  semicircle  that  the  Warburg 
impedance  made  in  the  finite-length  diffusion  was  roughly 
estimated  to  be  over  several  Hz  at  least  for  the  porous  elec¬ 
trodes  and  over  several  10  Hz  for  the  gas  flow  channels. 
These  frequencies  are  much  higher  by  over  one  order  than 
the  characteristic  frequency  of  the  low  frequency  semicircle 
impedance  in  Figs.  3  and  5. 

For  a  further  discussion,  the  parameter  fitting  the  experi¬ 
mental  results  was  done  using  the  equivalent  circuit  shown 
in  Fig.  7,  which  consisted  of  three  RC  parallel  circuits  and  a 
resistance,  Rs.  The  first  two  RC  parallel  circuits  may  corre¬ 
spond  to  the  electrode  impedances  consisting  of  the  interfa¬ 
cial  capacitances  between  the  electrode  and  electrolyte  and 
the  reaction  resistances  on  the  anode  and  the  cathode,  trough 
the  resistance  on  the  cathode  may  be  small  in  comparison 
with  the  other,  and  possibly  to  the  impedances  related  to 
the  finite-length  diffusions.  The  third  one  is  the  impedance 
related  to  the  gas  conversion  as  mentioned  above.  The  sub¬ 
scripts  of  the  circuit  element  parameters,  H,  M  and  L  are 
acronyms  for  high,  middle  and  low  characteristic  frequen¬ 
cies,  respectively.  It  is  considered  that  Rs  consists  of  the 
electrolyte  resistance,  the  electrode  material  resistances  for 
the  anode  and  cathode,  and  the  contact  resistances  between 
the  electrodes  and  current  collectors. 

Fitting  the  results  by  the  above-mentioned  equivalent  cir¬ 
cuit  is  shown  by  the  solid  lines  in  Figs.  2,  3  and  5.  There  is 
good  agreement  in  the  low  frequency  region  except  for  the 


Fig.  8.  Rs  (open  symbols)  and  Ru  +  Rm  (solid  symbols)  vs.  the  esti¬ 
mated  effective  fuel  utilization.  Circle,  square  and  triangle  at  the  standard 
conditions  (effective  fuel  utilization  about  92%)  were  obtained  from  the 
three  measurements  at  the  beginning  of  the  experiment,  the  middle  and 
the  end,  respectively;  the  other  circles  were  obtained  from  the  experimen¬ 
tal  data  in  Fig.  3;  the  other  squares  were  obtained  from  the  experimental 
data  in  Fig.  5. 

inductive  impedance  near  the  low  frequency  edge.  The  ca¬ 
pacitance  for  the  low  frequency  semicircles  was  calculated 
to  vary  from  0.3  to  3  F/cm2,  and  it  is  considered  that  such  a 
large  capacitance  may  not  originate  from  the  interface  layer. 
Thus,  the  impedance  of  the  low  frequency  semicircle  might 
be  related  to  the  gas  conversion.  The  high  and  intermediate 
frequency  semicircles,  which  might  be  related  to  the  elec¬ 
trode  reaction  and  the  finite-length  diffusion,  were  relatively 
small. 

Because  the  gas  conversion  impedance  depends  on  the 
partial  pressure  of  the  chemical  species  [9],  it  is  necessary  to 
evaluate  the  impedance  against  the  effective  fuel  utilization, 
considering  the  gas  composition  change  caused  by  the  cur¬ 
rent  due  to  the  electronic  conduction  in  the  mixed  conduc¬ 
tive  electrolyte,  such  as  the  doped  lanthanum  gallate  elec¬ 
trolyte.  [1]  Therefore,  in  Figs.  8  and  9  Rs,  Rr  +  and  Rr, 
which  were  obtained  by  the  fitting,  are  shown  vs.  the  effec¬ 
tive  fuel  utilization,  which  was  estimated  by  making  the  fol¬ 
lowing  assumptions.  Effective  fuel  utilization  was  assumed 
to  be  99%  at  a  load  current  of  19.5  A,  which  was  nearly  the 
output  limit  at  the  standard  flow  rate,  and  the  internal  cur¬ 
rent  by  electronic  conduction  was  proportional  to  the  termi¬ 
nal  voltage  by  assuming  a  constant  electronic  conductivity. 
With  this  assumption,  the  electronic  conduction  was  evalu¬ 
ated  to  be  about  3%  of  the  total  conductivity,  while  the  ionic 
transport  number  of  the  identical  electrolyte  was  reported 
previously  to  be  95-97%  [4]. 

In  Figs.  8  and  9,  Rs ,  an d  Rr  for  the  three 

measurements  at  the  beginning,  the  middle  and  the  end  of 
the  experiment  are  denoted  by  the  circle,  square  and  triangle 
symbols,  respectively.  It  was  indicated  that  the  impedance 
increased  during  the  experiment  but  the  increase  was  not  big 
enough  to  change  the  trends  in  the  experimental  results. 
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Fig.  9.  (Symbols)  vs.  effective  fuel  utilization  accompanying  the  gas 
conversion  impedance,  Rg  (broken  line),  from  Primdahl  and  Mogensen 
[9]  and  whole  cell  gas  conversion  impedance,  Rwg  (solid  line),  from 
simulation  results  by  Takano  et  al.  [1].  Circle,  square  and  triangle  at  the 
standard  conditions  (effective  fuel  utilization  about  92%)  were  obtained 
from  the  three  measurements  at  the  beginning  of  the  experiment,  the 
middle  and  the  end,  respectively;  (other  circle)  7?l  obtained  from  Fig.  3; 
(other  square)  7?l  obtained  from  Fig.  5;  (solid  square)  normalized  T?l  by 
the  ratio  of  fuel  gas  flow  rate. 

According  to  the  simulation  [1],  the  resistance  at  a  suffi¬ 
ciently  high  frequency  is  not  affected  by  the  non-uniformity 
in  the  current  distribution  and  by  the  fuel  utilization,  pro¬ 
vided  that  the  local  cell  resistance  does  not  change.  How¬ 
ever,  Rs  increased  from  0.3  to  0.7  ^  cm2  with  the  increase 
in  the  fuel  utilization.  As  mentioned  above,  it  is  consid¬ 
ered  that  Rs  consists  of  the  electrolyte  resistance,  electrode 
material  resistances  for  the  anode  and  cathode,  and  contact 
resistances  between  the  electrodes  and  current  collectors. 
The  conductivity  of  the  electrolyte  used  in  this  study  is 
about  0.1  S/cm  at  1018  K  [4],  and  the  resistance  of  the  elec¬ 
trolyte  for  a  200  pan  thickness  is  about  0.2  £2  cm2.  Because 
the  electrolyte  resistance  does  not  change  with  the  oxygen 
partial  pressure  as  reported  by  Ishihara  et  al.  [10],  it  does 
not  change  with  the  fuel  utilization.  None  of  the  resistances 
mentioned  above  explains  the  increase  in  Rs  with  the  in¬ 
crease  in  fuel  utilization.  The  resistance  of  the  interfacial 
layer,  which  may  have  been  formed  between  the  cathode 
and  electrolyte  during  the  co-firing  process,  also  cannot  ex¬ 
plain  the  shift  in  Rs ,  because  the  change  in  the  atmospheric 
oxygen  partial  pressure  over  the  cathode  is  relatively  small 
due  to  the  low  oxygen  utilization.  On  the  other  hand,  the 
possible  interfacial  zone  between  the  anode  and  electrolyte 
might  be  the  cause  of  the  shift  in  Rs ,  because  the  change 
in  the  oxygen  partial  pressure  over  the  anode  is  quite  large 
under  the  experimental  conditions.  A  further  investiga¬ 
tion  is  needed  for  the  complete  elucidation  of  the  change 
in  Rs . 

Rr  +  Rm,  which  might  be  related  to  reaction  resis¬ 
tance  on  the  anode  and  cathode  and  the  finite-length  dif¬ 
fusion,  was  comparatively  small  at  0. 1  £2  cm2  and  almost 


constant  regardless  of  the  fuel  utilization  and  gas  flow 
rate. 

The  resistance,  Rwg,  for  the  total  cell  impedance  related  to 
the  gas  conversion  given  by  the  simulation  from  Takano  et  al. 
[1]  and  the  resistance,  Rg ,  for  the  gas  conversion  impedance 
given  by  the  equation  from  Primdahl  and  Mogensen  [9]  as 
well  as  are  shown  in  Fig.  9.  When  the  fuel  utilization 
increased  at  a  fixed  gas  flow  rate,  R l  decreased  with  an  in¬ 
crease  in  the  effective  fuel  utilization  from  36.5  to  53.6%. 

increased  with  a  further  increase  in  fuel  utilization  and 
then  reached  a  very  high  value  near  the  output  limit.  Such  a 
change  in  R p  agrees  well  with  the  changes  in  Rwg  and  Rg. 
Such  a  change  in  Rwg  and  Rg  is  explained  as  follows.  These 
impedances  are  the  coefficients  which  describe  the  electro¬ 
motive  force  change  due  to  the  current  in  the  electrochemical 
reaction.  The  electromotive  force  change  due  to  the  current 
comes  from  the  partial  pressure  changes  in  hydrogen,  water 
and  oxygen  in  the  cell.  The  partial  pressure  change  due  to  a 
certain  amount  of  electrochemical  reaction  (kinetic  current) 
becomes  greater  at  lower  partial  pressures.  At  a  lower  fuel 
utilization,  the  electromotive  force  change  becomes  greater 
due  to  the  greater  change  in  the  water  partial  pressure  be¬ 
cause  of  the  lower  water  partial  pressure,  while  it  also  be¬ 
comes  greater  by  the  greater  change  in  the  hydrogen  partial 
pressure  because  of  the  lower  hydrogen  partial  pressure  at 
the  higher  fuel  utilization.  Rwg  and  Rg  then  have  higher  val¬ 
ues  as  the  fuel  utilization  approaches  0  or  100%,  and  they 
have  minimum  values  around  the  midpoint  of  the  fuel  uti¬ 
lization,  where  the  partial  pressures  of  water  and  hydrogen 
are  great.  Rwg  also  includes  the  influence  of  the  change  in 
the  oxygen  partial  pressure  on  the  cathode,  and  the  convo¬ 
lution  of  these  phenomena  appears  as  the  gas  conversion 
impedance  of  the  whole  cell. 

By  changing  the  gas  flow  rate  at  a  fixed  load  current, 
deviated  from  the  curve  of  the  standard  flow  rate.  Because 
the  gas  conversion  impedance  is  inversely  proportional  to 
the  gas  flow  rate  [9],  was  normalized  by  the  gas  flow  rate 
to  the  standard  flow  rate.  The  normalized  agreed  rather 
well  with  Rwg  of  the  standard  flow  rate,  as  shown  in  Fig.  9. 

The  characteristic  frequency  of  the  low  frequency  semi¬ 
circle  first  increased  to  about  0.25  Hz  with  an  increase  in 
the  fuel  utilization  at  the  standard  flow  rate  and  then  de¬ 
creased  with  a  further  increase  in  the  fuel  utilization  (Fig. 
3).  The  transit  period  of  fuel  gas  passing  through  the  cell 
was  about  0.53  s  at  the  standard  flow  rate.  The  characteristic 
frequency  calculated  as  (1/27 rr)  was  about  0.3  Hz,  where  r 
is  the  characteristic  time.  However,  according  to  the  sim¬ 
ulation,  the  characteristic  frequency  increases  to  0.4  Hz  at 
a  50%  fuel  utilization  because  of  the  influence  by  the  ox¬ 
idant  gas  flow.  Also,  the  characteristic  time  increases  and 
the  characteristic  frequency  decreases  as  the  fuel  utilization 
approaches  0  or  100%  [1].  The  characteristic  frequencies  of 
the  simulation  were  on  the  same  order  as  that  of  the  experi¬ 
mental  values.  The  tendency  with  the  fuel  utilization  agreed 
well  with  the  experimental  observations  (Fig.  3).  The  tran¬ 
sit  period  is  inversely  proportional  to  the  gas  flow  rate,  and 
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the  characteristic  frequency  increases  with  the  gas  flow  rate. 
Such  a  change  in  the  frequency  also  well  agrees  with  the 
experimental  findings  (Fig.  5). 

Based  on  the  above  discussion,  it  is  concluded  that  the 
impedance  of  the  low  frequency  semicircle  is  dominant 
under  practical  power  generation  conditions  and  that  it  is 
mainly  due  to  the  gas  conversion  during  the  cell  reaction. 

4.  Concluding  remarks 

In  a  relatively  large-size  disk-type  SOFC  using  doped  lan¬ 
thanum  gallate  as  the  electrolyte,  impedance  measurements 
were  carried  out  under  practical  power  generation  conditions 
and  the  following  conclusions  were  obtained. 

The  observed  impedance  shows  a  large  semi-circular  pat¬ 
tern  on  the  low  frequency  side.  The  semi-circular  impedance, 
having  a  noticeably  low  characteristic  frequency  between 
0.13  and  0.4  Hz,  comes  from  the  change  in  the  gas  compo¬ 
sition,  originally  caused  by  the  cell  reaction.  The  change  in 
this  impedance  with  the  fuel  utilization  (load  current)  and 
gas  flow  rate  qualitatively  agreed  with  the  theoretical  pre¬ 
dictions  from  the  simulation.  This  impedance  is  also  found 
to  be  dominant  under  high-efficiency  power  generation  con¬ 
ditions. 

The  impedance  of  the  multi  semicircles  between  several 
Hertz  and  10  kHz,  which  might  be  related  to  the  electrode 
reaction  and  the  finite-length  diffusion,  was  comparatively 
small  and  scarcely  changed  with  the  changing  fuel  utilization 
and  gas  flow  rate. 

The  resistance  at  10  kHz  increased  with  an  increase  in  the 
fuel  utilization.  None  of  the  ohmic  resistances  so  far  reported 


seem  to  provide  a  reasonable  explanation,  suggesting  the 
necessity  of  further  investigations. 
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